Bioleaching is a promising process for 350 million tons of Jinchuan low-grade pentlandite. But high concentration of Mg 2+ is harmful to bioleaching microorganisms. Interestingly, biofilm formation can improve leaching rate. Thus, it is actually necessary to investigate the effect of Mg 2+ stress on Acidithiobacillus ferrooxidans biofilms formation. In this study, we found that 0.1 and 0.5 M Mg 2+ stress significantly reduced the total biomass of biofilm in a dose-dependent manner. The observation results of extracellular polymeric substances and bacteria using confocal laser scanning microscopy showed that the biofilm became thinner and looser under Mg 2+ stress. Whereas 0.1 and 0.5 M Mg 2+ stress had no remarkable effect on the bacterial viability, the attachment rate of Acidithiobacillus ferrooxidans to pentlandite was reduced by Mg 2+ stress.
INTRODUCTION
A total of 350 million tons of Jinchuan low-grade pentlandite are still left due to the lack of effective processes. The traditional processes for high-grade ores are not feasible for low-grade ores because of their high cost of fuels, strict environmental regulations and low economic benefit (Qin et al. 2009 ). Bioleaching is a promising process for low-grade pentlandite because of its relative simplicity, ecofriendly operation and low capital cost requirement (Watling et al. 2016) . Jinchuan pentlandite has lots of olivine, chlorite and antigorite (MgO 30%-35%) in the main gangue minerals (Qin et al. 2009 ). The concentration of Mg 2+ is accumulated in bioleaching process when olivine, chlorite and antigorite are soluble in acid. Whereas a high concentration of Mg 2+ is harmful to the activity and viability of microorganisms (Qin et al. 2009 ). Thus, there is an actual significance to investigate the effect and mechanisms of Mg 2+ stress on bioleaching microorganisms. Acidithiobacillus ferrooxidans (At.f) acquires energy through the oxidation of elemental sulfur, reduced sulfur compounds and ferrous iron, and is used extensively in various industrial fields, especially the bioleaching of metals (Leduc and Ferroni 1994) . The role of At.f is the direct dissolution of the ore and the regeneration of the chemical oxidant ferric ion from ferrous iron. Biofilm formation can improve leaching abilities because of the formation of a 'reactive space' between the bacteria and the ore surface. This process depends on not only abiotic characteristics, such as purity and degree of crystallization of the ore, but also biotic ones, such as the ability of the cell for detecting suitable attachment sites and synthesizing an appropriate cell envelope for adhesion.
To efficiently colonize on ore surfaces, At.f must control attachment, surface-associated motility and interactions between microorganisms. The important extracellular organelle used for these aims by At.f is Type IV pili (TfP). TfP of At.f are dynamic, long flexible surface protein filaments that mediate microorganisms adhesion, biofilm formation and twitching motility (Li et al. 2010) . TfP elongate through polymerization and retract through depolymerization. When TfP adhered to the sulfide ore surfaces during retraction, remarkably high force is used for the purpose (Maier et al. 2002; Merz, So and Sheetz 2000) .The force could be transformed into bacterial motility (Skerker and Berg 2001) and enhances the cell's adhesive strength on the sulfide ore surfaces. pilV and pilW are the importance components of TfP and play an important role in the process of adherence to moist organic and inorganic surface (Li et al. 2010) . Sliding motility is bacteria sliding or gliding on semi-solid surface by flagella or pili swaying, whereas twitching motility is bacteria moving on solid surface by pili contracting or extending. Sliding motility and twitching motility are necessary for the active expansion of biofilms (Li et al. 2010 
MATERIALS AND METHODS

Bacterial strains and culture media
At.f BY-3(CCTCC-M203071) was grown in 9K medium (Silverman and Lundgren 1959) at 30
• C for 24 h. Bacteria were collected by centrifugation at 8500 rpm for 8 min. Then, the strains were washed with deionized water (dH 2 O) and resuspended in 0 K (9K without Fe 2+ ). Bacteria concentration was measured by direct microscopic count (Wang et al. 2013) . All experiments were performed at least in triplicate, and the average values were reported. Statistical significance of differences was analyzed by the t-test.
Pentlandite
Low-grade pentlandite (Jinchuan Goup Ltd, Jinchang, China) was analyzed by an inductively coupled plasma atomic emission spectroscope (Thermo). The ores were composed of 18.34% magnesium, 13.65% iron, 0.68% nickel, 0.43% copper, 0.12% manganese, 0.03% cobalt and 3.11% sulfur (w/w). Pentlandite was ground to a particle diameter of 75-125 μm for the experiment.
Effects of Mg 2+ on biofilm formation in 96-well plate
The effect of Mg 2+ on biofilm formation of At.f BY-3 was measured by crystal violet (CV) staining (Zhao et al. 2015) . At.f BY-3 was grown in 9K medium with 0, 0.1, 0.5 M magnesium sulfate and was collected by centrifugation. The collected bacteria were resuspended in 0 K with 0, 0.1, 0.5 M magnesium sulfate, and 150-μL bacteria suspension (1 × 10 8 cells/mL) was filled into 96-well plate. After incubation at 30
• C without agitation for 6, 24, 48 h, the plate was washed twice with dH 2 O to remove free bacteria. Then, the biofilm was stained with 0.5% CV for 15 min and was washed twice with dH 2 O to remove uncombined CV. Finally, 150 μL 33% acetic acid was filled, and OD 570nm was measured using Automatic Microplate Reader (1500, Thermo).
Effects of Mg 2+ on biofilm formation on cover glass
The biofilm on cover glass was measured by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide] and confocal laser scanning microscopy (CLSM). One-milliliter bacteria suspension (1 × 10 7 cells/mL, resuspended in 0 K medium with 0, 0.1, 0.5 M magnesium sulfate) was added to a 6-well plate with a glass coverslip (Zhao et al. 2015) and was cultured at 30
• C without agitation. After 6 days, the glass coverslips were washed to remove planktonic cells and were divided into two groups. MTT assay: the glass coverslips were added to a new 6-well plate with 2 mL 9K medium containing 5 mg/mL MTT. After incubation at 30
• C without agitation for 48 h, the glass coverslips were washed, and 1 mL dimethyl sulfoxide (DMSO) was added to dissolve formazan for 30 min. Finally, OD 570nm was measured using Automatic Microplate Reader. CLSM: DNA was stained with 6 μM SYTO9 (L13152, Invitrogen, USA) for 15 min at 25
• C in dark. Then, cover glass was washed twice with dH 2 O. Extracellular polymeric substances (EPS) were stained with 50 μg/mL Alexa Fluor 594 ConA (C11253, Invitrogen, USA) for 20 min in dark. After air-drying, the samples were observed using CLSM (FV1000MPE, Olympus). The fluorescence values were analyzed using Image J software.
Effects of Mg 2+ on bacterial viability
Bacteria viability was measured by flow cytometry analysis (FCM) and colony forming unit (CFU). Bacteria suspension (1 × 10 7 cells/mL, resuspended in 0 K medium with 0, 0.1, 0.5 M Mg 2+ )
was incubated at 30
• C without agitation for 48 h. Cells were harvested and washed with dH 2 O. FCM: At.f was stained with propidium iodide (PI) and SYTO R 9 (the LIVE/DEAD R BacLighlyt Bacterial Viability Kit L13152, Molecular Probes, USA). At.f was incubated in 70% isopropyl alcohol for 45 min as the 'dead' control and exponential phase cells were harvested as the 'live' control. Bacteria were run on a BD LSRFortessa and 20 000 cells were recorded per sample. The % of viable bacteria was calculated by Q3/(Q1 + Q2 + Q3) (Boda et al. 2015) .
CFU: 10-fold serial dilutions were made for both the control and magnesium treated with 0 K medium (pH 1.8), and 100 μL dilution was incubated in 9K solid medium at 30
• C for 3 days.
Bacteria viability was calculated using eq. (1) (Boda et al. 2015) :
Attachment assay
Bacteria were cultured in 9 K medium with 0, 0.1, 0.5 M Mg 2+ and were harvested. Bacteria suspension (100 mL) (1 × 10 8 cells/mL, resuspended in 0 K medium) and 20 g pentlandite were added to 250 mL Erlenmeyer flask, which was agitated at 120 rpm at 30 • C for 6 h. The number of attached bacteria was measured by subtracting the number of free bacteria from the initial bacteria number (Harneit et al. 2006) .
Motility
Sliding motility: slide plates (0.5% agarose, 9K medium with 0, 0.1, 0.5 M Mg 2+ ) were prepared according to Rashid's method (Rashid and Kornberg 2000) . Three-microliter bacteria suspension (1 × 10 8 cells/mL) was point-inoculated on the slide plate, and then was cultured at 30
• C for 72 h.
Twitching motility: silicone gel plates (9K medium with 0, 0.1, 0.5 M Mg 2+ ) were prepared according to Li's method (Li et al. 2010 ). Bacteria were inoculated according to Rashid's method (Rashid and Kornberg 2000) , and then was cultured at 30
• C for 5 days. The silicone gel layer was discarded, and the plates were washed twice with dH 2 O to remove free bacteria (Li et al. 2010) . Then, the attached bacteria were stained with 0.5% CV for 15 min. Sliding motility and twitching motility were observed with the naked eye.
RT-PCR analysis pilV and pilW gene expression
The EASYspin bacterial rapid RNA extraction kit (Biomed, Beijing, China) was used to extract and purify total RNA. The quality of total RNA was measured by OD 260 /OD 280 using NanoDrop 2000 spectrophotometer (Thermo Scientific). PrimeScript RT reagent kit (TaKaRa, Dalian, China) was used to synthesize cDNA. Quantitative pilW and pilV gene-expression analysis was performed with specific primers by using one step SYBR PrimeScript plus RT-PCR kit (TaKaRa, Dalian, China) according to the manufacturer's instructions (Wenbin et al. 2011; Zhao et al. 2015) . The relative gene expressions of pilW and pilV were normalized to 16s RNA using the 2 − Ct method. The primers were designed by Primer Premier 5.0, and the sequences of primers were showed in Table S1 , Supporting Information.
RESULTS
Effects of Mg 2+ on biofilm formation in 96-well plate
The effects of different Mg 2+ concentrations on biofilm formation were researched. Figure 1 showed that there were obvious differences when compared with the control group (0 M Mg 2+ ).
When incubated with 0.1 M Mg 2+ for 6, 24 and 48 h, the OD 570 values decreased by 29.1%, 31.6% and 31.5%, respectively. A similar The total biomass of biofilm was assayed by measuring OD570 values. Data are presented as the mean ± standard deviation (n = 3). Statistical significance of differences was analyzed by the t-test. 
Effects of Mg 2+ on biofilm formation on cover glass
To further evaluate the effects of Mg 2+ concentrations on biofilm formation, the biofilm on cover glass was measured using MTT method and CLSM. NAD(P)H-dependent cellular oxidoreductase enzymes, in specific conditions, can reveal the quantity of viable bacteria. Oxidoreductase enzymes reduce MTT to formazan in viable bacteria. DMSO dissolves the undissolving purple formazan to a colored solution. Figure 2C showed that there was significant difference compared with the control group, when incubated with 0.1 and 0. could reduce the number of viable cells in biofilm on cover glass. Cell and EPS in biofilm on cover glass were stained with SYTO9 which binds to DNA and AlexaFluor 594 ConA that combines with a-mannopyranosyl or a-glucopyranosyl residues. In 0 M Mg 2+ group, a thick layer of biofilm was found and cells were aggregated to obvious clusters. However, in 0.1 and 0.5 M Mg 2+ group, the layer of biofilm became thinner and looser than that in 0 M Mg 2+ group and the three-dimensional structure of biofilm almost disappeared ( Fig. 2A) (Fig. 2B) .
The data accorded with CV staining assay in 96-well plate and MTT assay on cover glass, which found that Mg 2+ stress decreased biofilms quantity of At.f.
Effects of Mg 2+ on bacterial viability
The control and magnesium-treated cells were dyed with Syto9 and PI to calculate the proportion of viable bacteria. FCM data were represented as bivariate dot plots in Fig. 3A . The quadrants were divided with the help of negative control (unstained), PI positive control (only PI stained) and SYTO9 positive control (only SYTO9 stained). Q1 (Syto9 − PI + ) and Q2 (Syto9
quadrants stand for dead and injured bacteria, respectively. Q3 (Syto9 + PI − ) quadrant stands for viable bacteria with intact membrane. Figure 3B showed that the % of viable bacteria in 0, 0.1 and 0.5 M Mg 2+ group was 81.029%, 80.18% and 76.717%, respectively.
The difference in the % of viable bacteria was not statistically significant between 0.5 and 0 M Mg 2+ group (P > 0.05).
The similar results were found by CFU and the % of viable bacteria of 0, 0.1 and 0.5 M Mg 2+ group was 100%, 97.98% and 95.85% respectively (Fig. 3C) . The statistical analysis of the FCM and CFU indicated that 0.1 and 0.5 M Mg 2+ stress had no remarkable effect on A.f viability. Therefore, the viability of A.f under Mg 2+ stress was not responsible for the reduction of biofilm quantity.
Attachment assay
Biofilm formation starts from free-bacteria attachment to solid surface, following by EPS production, microcolony development, biofilm differentiation and detachment. To assess whether the attachment ability is responsible for the reduction of biofilm formation, the attachment ability of At.f to the nickel sulfide surface was measured. Figure 4 showed that 44.48% bacteria attached to nickel sulfide after 6 h in 0 M Mg 2+ group, while only 37.84% and 27.15% bacteria attached to nickel sulfide in 0.1 and 0.5 M Mg 2+ group, respectively. The difference in attachment rate was statistically significant when compared 0.5 with 0 M and 0.1 M Mg 2+ group (P < 0.05). The similar results were found when compared 0.1 with 0 M Mg 2+ group. The results showed that Mg 2+ stress reduced the attachment rate of At.f BY-3 to nickel sulfide. The subdued attachment ability was responsible for the reduction of biofilm formation in some ways.
Motility
When At.f was cultured on slide plate, the size of yellow zone presented the ability of sliding motility. As shown in Fig. 5A , the size of yellow zones became smaller with increasing Mg 2+ concentration, which indicated that the ability of sliding motility was inhibited under Mg 2+ stress. Similarly, when At.f was stained by CV, the size of blue zone presented the ability of twitching motility. Figure 5B showed that the blue zone of 0 M Mg 2+ group was bigger than that of 0.1 and 0.5 M Mg 2+ groups.
These results indicated that the abilities of sliding motility and twitching motility were inhibited under Mg 2+ stress.
RT-PCR analysis pilV and pilW gene expression
To estimate the effect of Mg 2+ concentrations on T4P formation, the gene expression levels of pilV and pilW were measured. The relative expression ratio of pilV and pilW was significantly different when compared with the control group (Fig. 6 ). When incubated with 0.1 and 0.5 M Mg 2+ , the relative expression ratio of pilV decreased by 76.1% and 88.2%, respectively. A similar trend was observed in pilW. When incubated with 0.1 and 0.5 M Mg 2+ , the relative expression ratio of pilW decreased by 75.9% and 88.6%, respectively. The difference in the relative expression ratio of pilV and pilW was statistically significant when compared 0.5 and 0.1 M with 0 M Mg 2+ group (P < 0.05). Therefore, the results showed that Mg 2+ decreased the relative expression ratio of pilV and pilW in a dose-dependent manner.
DISCUSSION
Biofilms can be defined as communities of microorganisms attached to a surface. Biofilm formation on ores' surfaces plays a pivotal role in both industrial and natural bioleaching environments (Vera, Schippers and Sand 2013) . Environmental factors and signal molecules have important impacts on biofilms Therefore, the viability of A.f was not responsible for the reducing biofilm formation. Biofilm formation started from free-bacteria attachment to solid surface. The attachment ability plays an important role in biofilm formation. Was the attachment ability of A.f inhibited by Mg 2+ stress? Our study showed that Mg 2+ reduced the attachment rate of At.f BY-3 to pentlandite (Fig. 4) . The results indicated that the subdued attachment ability was responsible for the reduction in biofilms formation in some ways. The initial colonists of biofilms possessed feeble, invertible adsorption capacity through Van der Waals forces or/and hydrophobic effects (Briandet, Herry and Bellon-Fontaine 2001; Takahashi et al. 2010) . If the microorganisms were not at once divided from the surface, they could fix themselves more perennially by bacterial adhesion structures such as pili. Some microorganisms were incapable of forming biofilms because of their imperfect motility (Donlan 2002) . To determine whether the suppressing motility ability causes the reduction in biofilm formation, sliding motility and twitching motility of At.f BY-3 were measured. Our study showed that the ability of sliding motility and twitching motility were inhibited by Mg 2+ stress (Fig. 5) . Twitching motility was flagella-independent translocation of bacteria on moist solid surfaces (Henrichsen 1983; Henrichsen, Froholm and Bovre 1972) . Twitching motility was equivalent to social sliding motility, and was important in biofilm formation (Varga, Therit and Melville 2008; Bahar, Goffer and Burdman 2009; Li and Wang 2011) because the effective expansion of biofilms was mediated by twitching motility (Semmler, Whitchurch and Mattick 1999; Gloag et al. 2013; Nolan et al. 2015) .Therefore, the subdued motility ability was responsible for the reduction in biofilm formation. TfP of At.f were essential for sliding motility, twitching motility and adherence (Li et al. 2010) . pilV was necessary for attachment through enhancing the function of TfP, and pilV mutants reduced the adsorption capacity. (Winther-Larsen et al. 2001) . pilW was an outer-membrane protein essential to the stabilization and functionality of TfP (Carbonnelle et al. 2005) . Our study showed that Mg 2+ stress reduced the relative expression ratio of pilV and pilW (Fig. 6) . The depressed expression level of pilV and pilW perhaps was responsible for the inhibiting TfP function, the subdued attachment ability, the decreasing motility ability and the reducing biofilm formation.
In conclusion, for the first time, we found that Mg 2+ stress reduced biofilm formation by inhibiting pilV and pilW gene expression, decreasing TfP formation, attenuating the ability of attachment and subduing the active expansion of biofilms mediated by twitching motility. However, how Mg 2+ stress inhibited the expression level of pilV and pilW is not clearly understood. A better understanding of molecular aspects of the relationship between TfP formation and Mg 2+ stress will certainly help in improving bioleaching rate.
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